The current most accepted paradigm for the early universe cosmology, the inflationary scenario, shows a good agreement with the recent Cosmic Microwave Background (CMB) and polarization data. However, when the inflation consistency relation is relaxed, these observational data exclude a larger range of red tensor tilt values, prevailing the blue ones which are not predicted by the minimal inflationary models. Recently, it has been shown that the assumption of spatial diffeomorphism invariance breaking (SDB) in the context of an effective field theory of inflation leads to interesting observational consequences. Among them, the possibility of generating a blue tensor spectrum, which can recover the specific consistency relation of the String Gas Cosmology, for a certain choice of parameters. We use the most recent CMB data to constrain the SDB model and test its observational viability through a Bayesian analysis assuming as reference an extended ΛCDM+tensor perturbation model, which considers a power-law tensor spectrum parametrized in terms of the tensor-to-scalar ratio, r, and the tensor spectral index, nt. If the inflation consistency relation is imposed, r = −8nt, we obtain a strong evidence in favor of the reference model whereas if such relation is relaxed, a weak evidence in favor of the model with diffeomorphism breaking is found. We also use the same CMB data set to make an observational comparison between the SDB model, standard inflation and String Gas Cosmology.
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I. INTRODUCTION
The large amount of observational data recently released [1] [2] [3] [4] [5] [6] [7] [8] have allowed to test the viability of a wide range of models of the early universe. Much more precise observations are expected to become available in the next years, and much of the future efforts will be focused on the tensor data [9] [10] [11] [12] [13] [14] [15] . The current constraints on the cosmological parameters are compatible with both the simplest slow-roll scenarios of inflation [16] as well as with some alternative scenarios [17] [18] [19] . The prospects for improvement of these constraints with the next generation of experiments suggest us to keep investigating different possibilities. In particular, a possible detection of a blue tensor tilt in the future would rule out a large class of models of inflation, since the so-called consistency relation would not be fulfilled in the standard scenario without violating the Null Energy Condition (NEC). It is worth mentioning that the recent polarization data have excluded a much larger range of red tensor tilt values than of blue ones [20, 21] .
In the inflationary context, the violation of the NEC without incurring in instabilities was achieved in some class of models [22, 23] . At the same time, models with production of particle during inflation [24, 25] , axion inflation [26, 27] or model with higher-curvature corrections to the gravitational effective action [28, 29] are able to change the consistency relation, allowing a blue tensor tilt. It was recently suggested that by breaking the assumption of spatial diffeomorphism invariance in the context of the Effective Field Theory (EFT) of inflation, a blue tensor spectrum can be achieved without violating the NEC [30] [31] [32] [33] . In this Spatial Diffeomorphism Breaking (SDB) model, the temporal diffeomorphism invariance is broken due to the time-dependence of the background. However, in the high energy regime of the early universe it is also possible that the spatial diffeomorphism invariance is broken (we refer the reader to [31] for a detailed discussion).
The EFT approach corresponds to the description of a system through the lowest dimension operators compatible with the underlying symmetries. This approach allows to characterise all the possible high energy corrections to simple inflationary scenario, whose sizes are constrained by experiment. It also has the advantage of being able to describe in a common language all single field models of inflation using only symmetry principles. This theory has been applied in recent works to describe the theory of fluctuations around an inflating cosmological background [34] , and in this context was built the model considered here. In Ref. [30] it was shown that the the scalar power spectrum of the EFT model with SDB exhibits characteristic signatures which allow it to be easily confronted with the data. In what concerns the tensor spectrum, Ref. [31] showed that the extra terms that arise from the SDB invariance can produce a blue tilt, n T > 0, for a certain range of values of the parameter.
Another viable model that predicts a blue tensor spectrum is the String Gas Cosmology (SGC) [35] [36] [37] , an alternative scenario for the early universe that arises from a combination of basic principles of superstring theory and cosmology. In the SGC model of Refs. [38, 39] , a consistency relation between the scalar spectral index n s (which corresponds to a red spectrum) and that of the tensor modes was derived, i.e.,
On the other hand, current observations indicate that n s = 0.9655 ± 0.0062 (1σ) [20] . Therefore, if the ratio r of the tensor spectrum to the scalar spectrum is not too small, then future CMB polarisation experiments may have the potential to differentiate between the simple inflationary consistency relation and the one from SGC. The consistency relation above can be reproduced by an EFT of inflation with breaking of spatial diffeomorphism invariance for a certain combination of the parameters [30] . In order to distinguish these models with future observations it is important to analyse if such a combination of parameters is allowed by the current data. This is one of the goals of the present work. By performing a Bayesian analysis using the most recent Planck and BICEP data, we test the observational viability of SDB model in the context of the EFT of inflation. We also discuss a possible observational distinction between the SDB model and the String Gas Cosmology. This paper is organized as follows. Section II reviews the basic assumptions of the SDB model. In Section III we evaluate the power spectrum predicted by this model. The method, observational data sets and priors used in the Bayesian analysis are discussed in Section IV. In Section V we discuss our main results. We summarize our conclusions in Section VI.
II. SPATIAL DIFFEOMORPHISM BREAKING IN THE EFT
In what follows, we will consider the effective field theory for cosmological perturbations around a quasi-de Sitter background, with both temporal and spatial diffeomorphism invariance broken (but with isotropy preserved). We consider the following perturbed metric
The metric fluctuations are defined by
where η is the conformal time andḡ µν (η) is the background metric. We will focus on operators at most quadratic in the fluctuations for simplicity. The approach usually adopted in the effective theory considers the unitary gauge, in which there are no perturbations of the inflaton field and all the fluctuations degrees are in the metric. Following Ref. [30] [31] [32] the SDB invariance will be described through effective mass terms in the action for cosmological perturbations. These terms simply correspond to the most general way to express quadratic nonderivative operators in the fluctuations that break the spatial diffeomorphism symmetry. To the usual EinsteinHilbert action expanded to second order, we add generic operators with no derivatives that are quadratic in the metric fluctuations h µν . We consider the following action
The terms in the first line are the ones which contribute to the homogeneous and isotropic background. The parameters c and Λ can be expressed as functions of the Hubble parameter (H) and its time derivative. The term proportional to m 2 0 breaks time diffeomorphism invariance and the other mass terms break spatial diffeomorphism invariance. The invariance is restored for the limit m i → 0 with i = 0.
One may consider the mass terms in the above equation as arising from couplings between the metric and fields with a time-dependent profile during inflation. Following [30, 31] , we assume as an approximation that their coefficients are effectively constant during inflation, and go to zero after inflation ends. However a small timedependence proportional to the slow-roll parameter ( ) should be expected for these coefficients, which can be neglected for our purposes here.
As in [30] , we can define a particular combination of masses parameters,
As it will become clear latter, there is an important quantity which appears in the predictions of the model, which we define as
As usual, we can decompose the fluctuations in terms of scalar, vector and tensor perturbations, i.e.,
From the tensor part of the action it was obtained in [31] the following tensor power spectrum
to first order in the slow-roll parameter. In the equation above c T = 1 [30, 31] and k * denotes the k pivot. We can see that the parameters m 0 , m 1 , m 3 and m 4 do not appear in the action for tensor perturbations. We can also see that if m 2 2 /H 2 is positive and sufficiently larger than the slow-roll parameter, then we have a positive tensor spectral index. On the other hand, from the scalar part of the action the following power spectrum was obtained in Ref. [30] :
where
and
. (12) Note that in the limit when the extra terms in the action go to zero, c . Since in this model the curvature perturbation is not constant after Hubble radius crossing [31] , an explicit timedependence appears in Eq. (10) . We need to evaluate the result at the end of inflation (η = const., a = const.).
We can write a simplified expression for the spectral index by expanding the square root in the expression 6 for α as follows,
Although the scalar spectrum must be calculated at the end of inflation, it is possible to show that the slowroll parameter that appears in the above equations corresponds to the one at the moment of Hubble radius crossing [30] . In general, quantities calculated at horizon crossing are marked with " * " but, for simplicity, we will omit such a symbol. For instance, * will be denoted just by . On the other hand, quantities calculated at the end of inflation will be indicated as such. As shown in [30] , the approximated SGC consistency relation (1) can be recovered in this model if the parameters satisfy the following relation,
which can be written as a function of the parameter α by the approximated expression
In section IV we shall use current observational data to obtain the allowed range of values for M 2 and m 
III. THEORETICAL ANALYSIS
Let us analyse the expression of the power spectrum (10). Since we suppose the SDB to be small (and c and considering c 2 s ≈ 1, we can obtain a much simpler expression for the power spectrum,
which is a function of a single free parameter α encoding the effects of the SDB. Although this approximation for the amplitude only contemplates a class of the SDB models, it almost does not affect the constraints we will derive on the spectral indexes, so that the results for these quantities remain quite general. We write the conformal time at the end of inflation η end and the scale factor at the end of inflation a end as a function of the respective quantities in the moment of Hubble radius exit and also as a function of the number of e-folds N , i.e.,
By substituting the above expressions in Eq. (16), and omitting the Hubble radius crossing index * , we obtain
In the case in which spatial diffeomorphism is preserved, the curvature perturbation is conserved after Hubble radius crossing, and the power spectrum is then computed at this crossing moment. Therefore in order to recover the usual case we substitute a end → a * and η end → η * , which can be done by making N = 0 in the above equation. Also, in this limit, we can see from Eq. (13) that by making M = 0 (i.e. neglecting the contribution from SDB), we obtain α ≈ 3/2 + . We can see that by considering these values in the above equation we recover the usual expression for the power spectrum of inflation, as expected.
For the purpose of making a theoretical analysis here let us write α as α ≈ 3/2 + δ α , where δ α encompasses the contribution from plus the contribution coming from the SDB (δ α ≈ + M 2 /(3H 2 ) from Eq. 13) 1 . Using this notation in the above equation we obtain
where the number of e-folds between the Hubble radius crossing and the end of inflation is usually considered to be N ≈ 60. Note that, if α = 3/2, and consequently δ a = 0, a Harrison-Zeldovich spectrum is obtained. For δ a = we have an almost scale invariant spectrum with the small red tilt, as predicted by usual inflationary models. In this case, the amplitude of the power spectrum is given by A s ≈ H 2 /(8π 2 ). We can see from the above equation that, since δ a is in the exponent and it is multiplied by N , the effect of the SDB is exponentially amplified in the amplitude of the scalar power spectrum. Therefore, one must expect that the combination of mass parameters described by M 2 will be quite constrained around zero. The same, however, is not expected for the parameter m 2 2 , which enters in the expression of the tensor tilt.
IV. ANALYSIS METHOD
In order to compute the CMB anisotropies spectrum for a given range of values of the α, H 2 and n t parameters, we use a modified version of the CAMB code [40] where the primordial power spectra are given by Eqs. (8) and (18) . We performed a Monte Carlo Markov chain analysis using the available package CosmoMC [41] and implementing the nested sampling algorithm of Multinest code [42] [43] [44] ] to obtain our results and calculate the Bayesian evidence factor. In our Bayesian analysis we used the most accurate Importance Nested Sampling (INS) [44, 45] instead of the vanilla Nested Sampling (NS), requiring a INS Global Log-Evidence error of ≤ 0.02.
In addition to the above primordial parameters, we vary the usual set of cosmological variables, namely the baryon density, the cold dark matter density, the ratio between the sound horizon and the angular diameter distance at decoupling, and the optical depth: Ω b h 2 , Ω c h 2 , θ , τ . We consider purely adiabatic initial conditions, fix the sum of neutrino masses to 0.06 eV , and also vary the nuisance foregrounds parameters [2] .
It is important to emphasize that in SDB model the scalar primordial potential is not parameterized with the usual primordial scalar amplitude, A s , and primordial spectral index n s , as is done for the minimal ΛCDM model. We consider as reference for our comparison two models, namely: the ΛCDM+r, where r is the tensor-toscalar ratio parameter, which assumes inflation relation consistency (r = −8n t ) and the ΛCDM+r+n t , where the inflationary relation consistency is relaxed.
In our analysis we work with the following priors on the SDB primordial parameters: −2 < ln(10 10 H 2 )< 3.5, 1.48 < α < 1.54, −1.5 < n t < 5.5.
We also assume that the and N values do not change significantly with respect to the canonical inflationary chaotic model, and fix them to = 1/121 and N = 60. The parameter α mimics the ΛCDM spectral index (n s ). Thus, from Eq. (18) one may expect values around α 1.51. At the same time, joint effects of H 2 and α parameters replace the canonical primordial scalar amplitude. In such a degeneration of parameters, the amplitude increases considerably if a small increase in the value of α is made. Therefore, the H 2 value must compensate it by varying in a larger interval.
We use the CMB data set from the latest Planck Collaboration release [20] , considering the high multipoles Planck temperature data (TT ) from the 100-,143-, and 217-GHz half-mission T maps, and the low multipoles data (low-P ) by the joint TT, EE, BB and TE likelihood, where EE and BB are the E-and B-mode CMB polarization power spectrum and TE is the cross-correlation temperature-polarization. We also use B-mode polarization data from the BICEP2 Collaboration [3, 4] to constraint the parameters associated to the tensor spectrum, using the combined BICEP2/Keck-Planck likelihood, hereafter BKP. Finally, we perform our analysis for a scalar and tensor pivot scale k * = 0.01 Mpc −1 , since at this value the BKP release data are most sensitive and it is close to the decorrelation scale between the tensor amplitude and slope for Planck and BKP joint constraints [20] .
In order to make an appropriate comparison between the SDB model and the ΛCDM scenario we use the Bayesian model comparison (see Refs. [46, 47] for a more detailed discussion). The Bayesian evidence E is defined as the marginal likelihood for the model M i :
where x stands for the data, θ is the parameters vector and π(θ|M i ) the prior probability distribution function. The ratio of the Bayesian evidence of the two models (the so-called Bayes Factor ) can be defined as B ij = E Mi /E Mj , where M j is the reference model. We assume uniform (hence separable) priors in each parameter, such that its possible to write π(θ|M ) = (∆θ 1 ... ∆θ n ) −1 and
In order to classify the models we use the Jeffreys scale [48] which gives empirically calibrated levels of significance for the strength of evidence. Here we will use a revisited version of the Jeffreys convention suggested in [49] where ln B ij = 0−1, ln B ij = 1−2.5, ln B ij = 2.5−5, and ln B ij > 5 indicate an inconclusive, weak , moderate and strong preference of the model M i with respect to the model M j . V. RESULTS Fig. (1) shows the good agreement between the cosmological parameters constrained in the context of the SDB model (cyan) and the reference models one, namely the ΛCDM+r (red) and the ΛCDM+r+n t (black dashed). In the left panel of Fig. 2 , the posterior probability comparison between the scalar spectral index of the ΛCDM+tensor models and the α parameter of the SDB model shows a comparable goodness of constraint, while the shift of the mean value (as discussed in the previous section) depends on our parametrization choice. In the right panel of Fig. 2 , we show the posterior curves for the logarithmic values of the primordial scalar amplitude of the reference models and the H 2 parameter of the SDB. As expected, the degeneracy between the parameters H 2 and α (see Fig. 3 ) discussed in the previous section causes a worsening in the H 2 constraint. Our analysis show that the difference between the H 2 constraints and the primordial amplitude of is significant.
In Fig. 4 , we show the posterior density probability for the tensor spectral index and the tensor-to-scalar ratio parameters. The latter is treated as derived parameter in the SDB model and is calculated as the ratio between the tensor and the scalar power spectrum amplitude at the pivot scale k 0.01 . Firstly, we note that the data allow a larger range of blue tensor tilt, excluding negative values at 68% C.L. Such result is fully consistent with previous analysis from the Planck Collaboration [20] using both temperature and polarization CMB data, and with the recent analysis of Ref. [21] , where joint CMB and BKP data are used. In the right panel of Fig. 4 we also note the very sharp constraints on r 0.01 for the SDB model. Such a narrow bound (r 0.01 = 0.017 ± 0.007 at 1σ) is due to our parametrization choice, since the tensor amplitude is directly linked to the scalar one (both best and the ln Bij refers to the difference with respect to the ΛCDM+r with fixed consistency relation. The subscript " (n t ) " refers to the difference with respect to the ΛCDM+r+nt (with relaxed consistency relation). depending on H 2 ). We stress that our parametrization worsens the constraints on the scalar amplitude but improves the tensor amplitude bound.
In Tab. I we summarize the results of our analysis for the H 2 , α and n t parameters of the SDB model. The parameter α is constrained to be 1.517 ± 0.003 at 68% confidence level, which entails a corresponding n s value very similar to the standard inflationary prediction. This implies that the parameter M 2 /H 2 , which quantifies the effect of the diffeomorphism breaking in the scalar spectrum, is constrained to be very small. However, from Eq. (5) we can see that it is possible to have M ≈ 0 along with not so small values of m 2 (m Table (I) , we show the ∆χ 2 and the Bayes factor of such SDB model with respect to the ΛCDM+tensor scenarios, when the inflationary consistency relation is considered (first lines) or not (latest lines). In the first case, while the two best fit models describe the data with the same goodness (∆χ 2 = 0), the Bayesian analysis shows a strong preference of the data for the ΛCDM+r model. This result can be well explained and understood by considering two factors. Firstly, the degeneration between α and H 2 parameters and the consequent deterioration of the H 2 constraint with respect to the standard model primordial amplitude parameter. Secondly, and more important, the fact that we are comparing our model (with tensor index free to vary) with a ΛCDM+r one (which assumes the inflation consistency relation). If we relax such relation in the ΛCDM+r+n t model, we obtain a n t value of 1.6 ± 0.9 and a Bayes factor of ln B ij = +1.6. This implies a weak evidence in favor of the SDB model with respect to the ΛCDM. We also note that, if the tensor index is left free to vary in the standard cosmological model, a significant deterioration in its Bayesian evidence is produced. Moreover, as said above, the improved evidence of the SDB model with respect to the latter is due to our parametrization choice on the tensor amplitude (e.g. in terms of H), which leads to the sharp constraints on the parameter r.
Finally, in order to compare the predictions of the SGC and SDB models, we derive the scalar spectral index parameter n s for the SDB scenario, from the α constraints, using Eq. 13. In Fig. (5) , we show the observational bounds on n s and n t plane. The red and the blue lines 3 We must point out that although the data prefer higher values of m 2 2 /H 2 this theoretical model is justified only for values of m 2 2 /H 2 << 1. However, for illustrative purposes, we show in the figures all values for the tensor tilt allowed by the data. Nevertheless, the two lines shown in show, respectively, the approximated consistency relations of inflation (n t ≈ n s −1) and SGC (n t ≈ −(n s −1)), where both can be recovered by specific values of the SDB model parameters. As can be seen, both models are compatible with the data at 1σ, although the SGC (and SDB) combination of parameters lies closer to the mean value. In other words, this amounts to saying that the current CMB data cannot distinguish between standard inflation and String Gas Cosmology (or the specific SDB model associated to it).
VI. CONCLUSIONS
The assumption of the breaking of spatial diffeomorphism invariance changes the prediction of simple slowroll inflationary models, allowing to obtain values of n t > 0. Through an observational analysis we have obtained constraints on the parameters of the model and also tested the specific combinations of values which recover the consistency relation of the SGC. While the scalar predictions of the SDB model are very similar to the ones expected from usual inflation, the tensorial predictions can be quite different. The parameter space of tensor parameters allowed within 1σ are mostly dominated by values of the SDB parameter m 2 > 0. Also, we have shown that the parameters of the SDB model, which recover the SGC and inflationary consistency relation, are compatible with the data at 1σ.
We have obtained an upper limit on the tensor-toscalar ratio for the SDB model that is smaller than the one predicted by the usual inflation. Moreover, through a Bayesian analysis we have shown that, by comparing the SDB model and ΛCDM+r scenario, which assumes the inflation consistency relation, a strong evidence in favor of the latter is found. On the other hand, when the consistency relation is relaxed we have found a weak evidence in favor of the model with diffeomorphism breaking. Finally, it is worth emphasizing that there are great prospects that the next generation of experiments will improve the results obtained here, which encourages further analyzes of the SDB and SGC models. Furthermore, since the SGC consistency relation lies within the range of allowed values of the SDB parameters (within 1σ), we stress the importance of analyzing other predictions of the model, like the non-Gaussianities for instance [32] .
